Meltblown nonwovens have been produced as 2D web structures for a variety of end uses. Investigation into the development of 3D structures has resulted in a parametric evaluation of the process and its effects on the structural properties of the webs (fiber diameter, fiber orientation, and pore size distributions). The interrelationships between these structural parameters have been explored and a statistical model developed. SAS was used to develop the correlations between the structural parameters of the web. The pore diameter is found to be directly proportional to the fiber diameter and inversely related to the web anisotropy parameter. The relationship that was established for the 2D webs correlates to the relationship developed for the 3D web structures.
Introduction
There have been many studies of the structure of the web or sheet like fibrous networks such as paper and nonwoven fabrics. Various researchers have simulated the webs as networks and measure the effects of variation in its structure on the properties of the web. Published literature in the area of modeling of porous media involves the use of one-dimensional structure representation or a random aggregation process involving extended geometric objects [1, 5, 15, 20] . Working on granular and fibrous materials, Bear [2] and Kyan et al [11] have used the simpler approach of considering that the elements are regularly arranged. This approach does not take into account the random distribution of the elements in the structure. Probabilistic models were developed for porous media by Piekaar et al [13] , Abdel-Ghani et al [1] , and Lombard et al [12] for fibrous materials, nonwoven coalesces, and geotextiles repectively. The pore radii distribution in these structures was shown by Corte et al [4] to be approximately a log normal distribution. They found that the standard deviation of the pore radius is proportional to its mean. Abdel-Ghani et al [1] analyzed the structure of nonwoven needled fabrics considering the fabric as a composition of multiple layers of randomly distributed fibers. Using MonteCarlo procedures, the fiber network has been simulated and the average pore area has been found to be proportional to the square of the diameter of the fiber. [16] . Recently, Kim et al [10] investigated the effect of fabric density on the structure of the pores formed on simulated fibrous networks. They discovered a relationship that exists between the fiber crimp and the orientation of the web. They have found that for a given fabric density and structure, smaller pores can be formed utilizing smaller diameter fibers [10] . However, the discovery that larger pores are formed due to increase in anisotropy is an effect that is dependent upon the definition of the pore size. The decrease in pore radius with increase of the fiber diameter, as discussed by Sampson [15] , is again due to the effect of maintaining the fabric density on simulated structures without considering the effect of fiber orientation in the network. The current work is an investigation of the effect of fiber diameter and structural arrangement of the fibers on simulated networks and their comparison with the pore size in "real" webs.
GEOMETRICAL PARAMETERS OF SIMULATED PORES
Roundness of a shape (also known as circularity) is a measure that compares the shape of an object to that of a circle. For a circle of radius r, the roundness R, can be defined as:
Where P is the perimeter and A (= πρ 2 ) is the area of cross section [21] . The bounding rectangle has been defined as the smallest rectangle that encloses the pore with the same orientation as the pore. Its width will be larger than the diameter of a circular pore fitted into the pore. The ellipticity of the pore gives the measure of the shape anisotropy. Also the radius of the best-fit circle in the pore can be obtained from the semiminor axis of the ellipses. The semi-major and semi-minor axes are the lengths of a best-fit ellipse to the pore. Xu at al [22] have discussed the procedural details of determining these values. The hydrodynamic radius (R h ) of the pore has been defined as the ratio of twice the pore area to that of the pore perimeter [6] . The hydrodynamic radius can also be obtained from the geometric roundness of the pore and the area of the pore as given in the equation below Another radius, the equivalent radius (R e ) is also widely used and is defined as diameter of a circle whose area or perimeter is same as the pore [5, 7] . For a perfectly circular pore the hydrodynamic radius and the equivalent radius would be equal to each other. In the case of pores, which are polygonal in shape, the hydrodynamic radius would be smaller than the equivalent radius. Opening radius (R o ) of the pore is the radius of the maximum circle that can fit the pore and determines the largest particle that can pass through the pore. For nonwoven webs that are single layered, the opening radius will be different from that of the hydrodynamic radius. When considering a multiple layered structure of the web, the number of edges in the polygon has been estimated to be four [1] , with an opening radius that would be equivalent to the hydrodynamic radius.
The practical model developed by Lombard et al [12] for the prediction of the opening radius distribution is a Poisson distribution and is given in the equation below where L is the length of the fibers per unit area and C is a factor associated with the thickness of the fabric. These are estimated from the thickness (T) of the web, the fiber diameter (d f ), the fiber density ρ f and the basis weight of the fabric W g [12] .
In making the prediction, assumptions have been made that the web can be divided into elementary planes having the same thickness equal to four times the radius of the fiber and the density of the fiber is same. As is well known web structures cannot be divided into layers of equal thickness, as also the orientation of the fibers in these layers is not the same.
Meltblown structures are multi-planar fibrous webs with little or no orientation through the thickness of the web [8, 9, 17] . For a comparison of pore size obtained from simulated models to the pore size obtained from real webs, the presence of the third dimension, although very small has to be recognized. Simulation techniques measure the pore size distribution in web by calculating the number of pixels in the pore [3] . These measurements are for the total area of the pore while the techniques (either capillary or granulometry techniques) for porosity of the webs, measure the circular particles that can be filtered by the system.
The ideal system for comparison would be between the radii of the largest circle that would fit the pore in a multi-layered simulated structure to a similar radius of the real web. Since the hydrodynamic radius of the pore, in a single layered web, takes into account the lack of roundness of the pore, R h will be utilized to investigate the effect of the fiber orientation distribution and fiber diameter on average pore radius of the simulated webs.
The average pore size variation due to the variation of the process parameters, along with the corresponding variations in the fiber diameter and the anisotropy parameter have been reported and discussed elsewhere [18] .
Materials and Methods
Simulated two-dimensional nonwoven webs were formed using techniques discussed by Kim et al [10] on the Image Analysis software developed by Nonwovens Cooperative Research Center. The input parameters for the images to be simulated are the web density, the type of randomness of the fiber, angular orientation of the fiber, fiber diameter, length and crimp. The web density is dependent on the number of lines (representing fibers) in the web and the percentage area of the web that is covered by the fibers. Varying the crimp in the fibers will vary the fiber length and hence the web density. The web density in the current experiments was varied by varying the area density between 15% and 50% with a constant crimp in the fiber. The randomness of the fiber indicates the way in which lines are generated. A detailed discussion on randomness has been conducted by Pourdeyhimi et al [14] . Angular distribution of the fibers in the web is useful in producing webs of specific fibers orientation distributions. A normal distribution of the web needs a mean angle and its standard deviation. A uniform random distribution requires the minimum and the maximum angles for a truncated range otherwise the angle varies from 0 to 180 degrees. The fiber diameter is specified by the thickness of the pixel that is used to draw the lines (fibers) in the web. If staple fibers are used for the simulation the fiber length is specified and their length is obtained from a normal distribution with an average length and its standard deviation.
The geometrical descriptors of the pore viz., the roundness (R) of the pore, pore area (A), the pore perimeter (P), minor axis of the best fitting ellipse and the width of the bounding rectangle are utilized to describe the pore. The standard deviation of the orientation distribution in the simulated web is used as measure of its anisotropy parameter. As the standard deviation in the orientation distribution of the fibers increases, the structures are more random in nature. The resulting anisotropy parameter will be closer to 0 (Figure 1) . Similar structures of varying area coverage (density of fibers) were produced for the purpose of the analyses of the ODF, pore radius and the interaction between them in the simulated images.
A series of web structures with varying orientation distribution functions and density of the web with zero crimp in the fibers of 2 pixel diameters were simulated. The images were produced using the m-randomness technique described by Pourdeyhimi et al [14] The set of images contain varying fiber diameter (2 pixel), web density (represented by the % area coverage in Table 1 ), and varying ODF with a normal distribution around a mean angle of 90 Degrees and no crimp in the fibers. The various geometrical shape descriptors of these structures were determined using the techniques described by Kim et al [10] . The details of the images are given in Table 1 and typical images are shown in Figure 1 .
The data for the real webs were obtained from the parametric study conducted on the meltblown webs as reported elsewhere [18] .
Results and Discussion
The results for the pore roundness (R), and pore radius (R h ) are given in Figure 2 to Figure 6 . All of the data obtained indi- 
Figure 1 SIMULATED STRUCTURES WITH VARYING ODF
cate that the pore radius decreases with increase in anisotropy parameter, the pore radius decreases with decrease in roundness. Similar effects are also observed with the width of the bounding rectangle and the minor axis of the best fitting ellipse. The interaction of the fiber diameter on the pore diameter is well known [10] . Based on the results from these simulation studies, a statistical model to fit the fiber diameter, pore diameter and web anisotropy, using the data generated For the purpose of modeling the structural interaction between three parameters, the anisotropy parameter and average fiber diameter are the independent variables while the average pore radius of the web is the dependent variable. These data were collected on the webs analyzed earlier and can be categorized into two broad groups. The first is the result from the analysis of planar webs obtained by varying the process parameters, viz. polymer throughput, DCD, takeup speed and attenuating air pressure. The second set of data is obtained from varying two new parameters i.e. the approach angle and the curvature of the collecting surface. An initial model developed to examine the relation between the structural variables for the planar web is extended to the 3D webs. The actual and expected values for the 3D webs based on the model developed for the planar webs are also reported.
Based on the trends seen on a scatter plot (Figure 7 ) of the three parameters for the planar webs and the 3D webs, and also from the simulated structure results, a simple statistical full model that has a direct relationship between the fiber diameter (f d ), an inverse relationship with the anisotropy parameter (f p ) and pore diameter (p d ) was developed. where β 0 is the intercept, β 1 , β 2 are the linear coefficients, and β 3 is the coefficient for the interaction.
The statistical analysis of the data obtained from the parametric correlation study of pore size, fiber diameter and anisotropy parameter reveals that the model and each estimate for the parameters as significant. Within the scope of current experiment, the value for an average pore at known fiber diameter and a 2D web of known anisotropy parameter in the web can be determined with the following equation:
The relationship between the predicted pore diameter and the observed pore diameter for planar webs is given in Figure  8 . A similar equation for the pore diameter in the 3D webs is given by These two sets of Equations (5 and 6) for the pore size of the web show that the pore diameter is affected not only by the fiber diameter but also by the fiber orientation in the web.
The observed and predicted values for the pore diameters in the 3D are given in Figure 9 .
As discussed elsewhere [17, 18, and 19] , the fiber diameter and the ODF of the web is not only affected by the typical processing parameters but also by the fiber stream approach angle and curvature of the collecting surface. Since the fiber diameter and the ODF determine the pore diameter, the predicted pore diameter obtained using 3D web data (Equation 6 ) is more precise than that obtained from 2D web (Equation 5). 
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(6) v v A scatter plot of the actual data and the predicted data using the two equations (Equations 5 and 6) are shown in Figure 10 .
Conclusions
From our results we can conclude that the process parameters independently affect the ODF (anisotropy) and the fiber diameter in the web. But the pore diameter is dependent on the ODF and the fiber diameter, and hence is not an independent variable with respect to the process parameters.
The pore diameter for the web structures is found to have an inverse relationship with the anisotropy parameter. Scatter plot of the three parameters show that the pore diameter is directly proportional to the fiber diameter. A Statistical model to study the interaction between the three structural parameters has been developed. The two models developed for the 2D and 3D structures are used to predict the pore diameter for the 3D web structure. The fiber stream approach angle and curvature of the collecting surface are important process parameters which influence the web structures and hence the pore diameter that will be formed in that structure. The pore diameter of the real web is found to behave as the hydrodynamic pore diameter of the simulated webs. 
